The NADP þ -preferring glucose dehydrogenase from thermoacidophilic archaeon Thermoplasma acidophilum has been characterized, and its crystal structure has been determined (Structure, 2:385-393, 1994). Its sequence and structure are not homologous to bacterial NAD(P) þ -dependent glucose dehydrogenases, and its molecular weight is also quite defferent. On the other hand, three functionally unknown genes with homologies to bacterial NAD(P) þ -dependent glucose dehydrogenases have been sequenced as part of the T. acidophilum genome project (gene names: Ta0191, Ta0747, and Ta0754 respectively). We expressed two genes of three, Ta0191 and Ta0754, in Escherichia coli, and purified the gene products to homogeneity. Dehydrogenase activities were thereby detected from the purified proteins. The Ta0754 gene product exhibited aldohexose dehydrogenase activity, and the Ta0191 gene product exhibited weak 2-deoxyglucose dehydrogenase activity. No aldohexose dehydrogenase gene has been isolated, while the enzyme was reported in 1968. This is the first report of the gene and primary structure. The purified Ta0754 gene product, designated AldT, was characterized. The enzyme AldT effectively catalyzed the oxidation of various aldohexoses, especially D-mannose. Lower activities on D-2-deoxyglucose, D-xylose, D-glucose, and D-fucose were detected although no activities were shown on other aldohexoses or additional sugars. As a cofactor, NAD þ was much more suitable for the activity than NADP þ . The NAD þ -preferring dehydrogenase most effectively reacting to D-mannose is for the first time. AldT was most active at pH 10 and above 70 C, and completely stable up to 60 C after incubation for 15 min. Other enzymatic properties were also investigated.
Key words: Thermoplasma acidophilum; glucose dehydrogenase homolog; aldohexose dehydrogenase; determination of mannose NAD(P) þ -dependent glucose dehydrogenase (EC 1.1.1.47) catalyzes the oxidation of D-glucose in the presence of cofactor NAD þ or NADP þ and forms Dglucono-d-lactone and NAD(P)H. The enzyme is one of the industrially important enzymes and useful in the enzymatic determination of blood sugar in clinics.
NAD(P) þ -dependent glucose dehydrogenases are produced by various bacterial species. The purified enzymes from Bacillus cereus, B. megaterium, and B. subtilis have been characterized. [1] [2] [3] Amino acid sequence alignment has indicated that NAD(P) þ -dependent glucose dehydrogenases from these Bacillus species have more than 80% homology.
4) The tertiary structure of B. megaterium glucose dehydrogenase has been determined. 5) On the basis of sequence and structure, bacterial NAD(P) þ -dependent glucose dehydrogenase belongs to the family of short-chain dehydrogenases/reductases (SDR). More than 1,000 SDR DNA sequences have been registered in the sequence database, and more than 50 of these enzymes have been characterized. The active form of SDR enzymes is either a tetramer or a dimer, and each subunit typically consists of about 250 amino acid residues.
NAD(P) þ -dependent glucose dehydrogenase is also produced by various archaea. The purified enzyme from thermoacidophilic archaeon Thermoplasma acidophilum (Ta-GDH) has been characterized. 6) Ta-GDH, consist of 352 amino acid residues, exhibited a much larger molecular weight of subunit than the bacterial NAD(P) þ -dependent glucose dehydrogenases. The deduced amino acid sequence of Ta-GDH showed less than 20% identity with those of Bacillus species. 7) Moreover, the determination of tertiary structure has elucidated that Ta-GDH does not belong to the SDR family and is structurally quite different from bacterial NAD(P) þ -dependent glucose dehydrogenase.
8)
The whole genome of T. acidophilum has been y To whom correspondence should be addressed. Fax: +81-3-3660-4951; E-mail: yoshiaki nishiya@bio.toyobo.co.jp. sequenced, 9) and three functionally unknown genes encoding the homologous proteins with bacterial NAD(P) þ -dependent glucose dehydrogenases have been identified, but no glucose dehydrogenase activity was detected from T. acidophilum, except for Ta-GDH. 6) We expected that these genes encode novel types of dehydrogenases which have different properties from that of glucose dehydrogenase.
In this paper, we describe the gene expression, purification, and characterization of bacterial NAD(P) þ -dependent glucose dehydrogenase homologs from T. acidophilum. As a result, a novel type of aldohexose dehydrogenase was found. Aldohexose dehydrogenase was first reported in 1968, and only two enzymes have been known until now. 10, 11) This is the first report of the gene and primary structure of aldohexose dehydrogenase.
Materials and Methods
Strains and media. T. acidophilum cells (ATCC 25905) were grown at 58 C at pH 1.0. 12) Escherichia coli BL21(DE3)RIL cells were purchased from Stratagene Inc. (La Jolla, CA, USA).
Construction of plasmids with individual genes. The gene sequences of three putative homologs of bacterial NAD(P)
þ -dependent glucose dehydrogenases from T. acidophilum, Ta0191, Ta0747, and Ta0754, were identified by BLAST homology search. T. acidophilum chromosomal DNA was purified by phenol/chloroform extraction. Each gene was amplified using a pair of specific oligonucleotides. To amplify the gene Ta0191, the following primer pair was used: 5 0 -ggaattccatatggacgagaatagaggaagcagaatagcc-3 0 (sense, NdeI site underlined) and 5 0 -ccgctcgagtccgccatgcttgaaatccggatagag-3 0 (antisense, XhoI site underlined). The PCR product was digested with NdeI and XhoI, and ligated with pET22b expression vector, yielding a pET22b-Ta0191-His 6 . For gene Ta0747 or gene Ta0754 amplification, primers with the flanking NcoI site at the 5 0 -end and with the XhoI site at the 3 0 -end were used [Ta0747; 5 0 -catgccatgggaataaccggtggatctcggggcatagg-3 0 , (sense, NcoI site underlined) and 5 0 -ccgctcgagttgaagatttataagcattccgccatc-3 0 (antisense, XhoI site underlined), Ta0754; 5 0 -catgccatgggattcagcgatctaagggataaggtcgttatc-3 0 (sense, NcoI site underlined) and 5 0 -ccgctcgagttctggcgtgcttatgggtgcacgtatg-3 0 (antisense, XhoI site underlined) respectively]. The PCR fragments were digested with NcoI and XhoI and cloned into the same sites of the pET28a expression vector, resulting in pET28a-Ta0747-His 6 and pET28a-Ta0754-His 6 respectively. The three resulting plasmids (pET22b-Ta0191-His 6 , pET28a-Ta0747-His 6 , and pET28a-Ta0754-His 6 ) encoded for the full-length of each gene product and two additional residues (leucine and glutamate) before the C-terminal His 6 -tag.
To eliminate the His 6 -tag from the Ta0754 gene product, the antisense primer inserted a stop codon (taa) before the XhoI site was used and pET28a-Ta0754-His 6 served as a PCR template. The PCR product was digested with NcoI and XhoI and ligated with pET28a, yielding pTA0754.
Preparation of His-tag fusion proteins. The Cterminal His 6 -Tagged recombinant bacterial NAD(P) þ -dependent glucose dehydrogenase homologs were expressed in E. coli BL21(DE3)-RIL cells and purified on a Ni-NTA column following the manufacturer's instructions (Qiagen, Hilden, Germany). Each fraction was loaded onto an SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and fractions containing the recombinant protein were pooled and dialyzed against 25 mM TrisHCl (pH 7.5) with the addition of 20% glycerol before storage at À80 C.
Purification of aldohexose dehydrogenase. The recombinant strain E. coli BL21(DE3)RIL(pTA0754) was grown to stationary phase and harvested by centrifugation. Crude extract was prepared by sonication of the cells. The cell-free extract was treated at 60 C for 1 h and centrifuged. Ammonium sulfate was added to the heat-treated extract to give 35% saturation. The precipitate collected by centrifugation was dissolved in 50 mM potassium phosphate buffer (pH 8.0) and dialyzed against the same buffer. The dialysate was subjected to ion-exchange chromatography on a DEAE-Sepharose CL-6B column (Amersham Biosciences, Uppsala, Sweden). The enzyme was eluted with a linear gradient (0-0.5 M) of sodium chloride. Active fractions were finally purified to homogeneity by two gel filtration steps.
Enzyme assay and characterization. The enzyme assay was based on the measurement of the reduced form of the coenzyme, either NADH or NADPH, produced during oxidation of the substrate. The assay mixture finally contained 148 mM D-mannose, D-glucose, or one of other substrates, 3.66 mM NAD þ or NADP þ , and 85 mM Tris-HCl (pH 8.0). One unit of activity was defined as the formation of 1 mol of NADH or NADPH per min at 37 C and pH 8.0. Reaction mixtures containing several concentrations of substrate solution were used to determine the Km and Vmax values. Molecular weights were determined by SDS-PAGE and gel filtration on a Superdex 200 column (Amersham Biosciences). The isoelectric point was measured by isoelectric forcasting with the Phast system (Amersham Biosciences).
Sequence alignment. Amino acid sequence homologies and alignment were analyzed with the GENETYX software system (Software Development, Tokyo, Japan).
Results and Discussion
Gene cloning and production of bacterial glucose dehydrogenase homologs
Three bacterial NAD(P) þ -dependent glucose dehydrogenase homologs exist in T. acidophilum genome. Their gene names are Ta0191, Ta0747, and Ta0754. The deduced amino acid sequences of Ta0191, Ta0747, and Ta0754 exhibited approximately 39, 31, and 33% identity respectively with those of the B. megaterium NAD(P) þ -dependent glucose dehydrogenases. As the result of previous studies, the NADP þ -preferring glucose dehydrogenase from T. acidophilum (Ta-GDH) has been characterized, and its crystal structure has also been determined. [6] [7] [8] Its sequence and structure, however, were not homologous to bacterial NAD(P) þ -dependent glucose dehydrogenases, and its molecular weight was also quite defferent. The gene products of Ta0191, Ta0747, and Ta0754 are composed of 268, 245, and 255 amino acids respectively, compared with a monomer of Ta-GDH composed of 352 amino acids. The deduced amino acid sequences of the three genes exhibited no identity with that of Ta-GDH. The locations of the genes Ta0191, Ta0747, and Ta0754 were also clearly distinguished from that of the Ta-GDH gene.
To elucidate the properties of these gene products, we directly cloned three genes by PCR and constructed expression plasmids, pET22b-Ta0191-His 6 , pET28a-Ta0747-His 6 , and pET28a-Ta0754-His 6 respectively. Then we tried to express in E. coli and purify the gene products to homogeneity as C-terminal (His) 6 -tag fusion proteins. Gene expression and purification of the bacterial NAD(P) þ -dependent glucose dehydrogenase homologs were performed as described in Materials and Methods. The Ta0191 and Ta0754 genes were expressed in E. coli and both gene products were purified using Nichelate column chromatography. The gene TA0747 was not expressed in E. coli. The Ta0747 gene product or its fusion protein might be unstable in E. coli, although this is not entirely clear.
Finally, the purified proteins of TA0191 and TA0754 gave a single band on SDS-PAGE (Fig. 1) . Dehydrogenase activities were detected from both proteins, as explained below.
Properties of bacterial glucose dehydrogenase homologues
We characterized the Ta0191 and Ta0754 gene products. The dehydrogenase activities and substrate specificities of both proteins were investigated using various sugar substrates. As for the result, the Ta0191 gene product exhibited weak 2-deoxyglucose dehydrogenase activity ( Table 1) . As a cofactor, NADP þ was much more suitable for the activity than NAD þ . On the other hand, the Ta0754 gene product exhibited aldohexose dehydrogenase activity. It effectively catalyzed the oxidation of various aldohexoses, such as D-mannose and 2-deoxy-D-glucose, and especially reacted to Dmannose (Table 1) . A sufficient amount of activity on Dxylose and lower activities on D-glucose and D-fucose were detected, although no activities were found on other aldohexoses and additional sugars.
It was found that the Ta0754 gene product was an aldohexose dehydrogenase rather than glucose dehydrogenase. No aldohexose dehydrogenase gene has been isolated, while the enzyme was reported in 1968. 10, 11, 13, 14) Accordingly, this is the first report of the gene. As a cofactor, NAD þ was much more suitable for aldohexose dehydrogenase activity than NADP þ ( Table 1 ). The NAD þ -preferring dehydrogenase most effectively reacting to D-mannose has been reported for the first time.
The recombinant Ta0754 gene product was produced as the C-terminal (His) 6 -tag fusion protein. The fused (His) 6 -tag may have a large influence on the enzyme properties. Hence, we newly prepared the native Ta0754 gene product. Construction of plasmid pTA0754 encoding the native protein and purification were performed as described in Materials and Methods (Fig. 2) . The purified Ta0754 gene product, which was designated AldT, had almost the same substrate specificity as the (His) 6 -tag fusion protein, although the specific activity (31 U/mg for D-mannose) was higher than that of the (His) 6 -tag fusion (24 U/mg for D-mannose) ( Table 1) . It was used for further investigation of properties.
The molecular weight of the AldT subunit was estimated to be 30.0 kDa by SDS-PAGE (Fig. 2) . This value closely corresponds with the subunit molecular weight predicted from the gene sequence (27.9 kDa). The molecular weight of the native enzyme was estimated to be 85.0 kDa by gel filtration (data not shown). It appears that AldT acts as a dimer or trimer of identical subunits. The isoelectric point was estimated to be 5:2 AE 0:1, which is lower than the value of 5.87 calculated from pK a of the amino acid residues. The (1) The purified Ta0191 protein (as C-terminal (His) 6 -tag fusion protein); (2) the purified Ta0754 protein (as C-terminal (His) 6 -tag fusion protein). specific activity of the purified AldT was 31, 24, 15, and 4.6 U/mg for D-mannose, 2-deoxy-D-glucose, D-xylose, and D-glucose respectively under the conditions described in Materials and Methods. The effects of metal ions and some inhibitors on the enzyme activity were examined, and Ag þ , Cu 2þ , Hg 2þ , and Ni 2þ were markedly inhibitory to the enzyme activity (data not shown). The effects of temperature and pH on activity and stability were also examined, and the results are shown in Fig. 3 . The optimum pH was 10, and the activity increased linearly up to 70 C. AldT was stable up to 60 C after incubation for 15 min at pH 7.5. During incubation at 25 C for 16 h, the enzyme was most stable between pH 7 and 11, where 100% activity was observed.
Kinetic parameters of AldT
The kinetic parameters of AldT for D-mannose, Dglucose, and 2-deoxy-D-glucose were compared at 37 C and pH 8.0 (Table 2 ). The Km and Vmax values for Dmannose and 2-deoxy-D-glucose were nearly the same level, but those for D-glucose were much lower. DMannose is the 2-epimer of D-glucose, and hence these results strongly suggest that the 2-OH residue orientation of D-glucose negatively affects the binding affinity to AldT and dehydrogenase activity. The substrate specificity of AldT, as well as glucose dehydrogenase, must reflect steric interferences of optical isomers to the enzyme.
Except for Ta-GDH, no glucose dehydrogenase activity has heretofore been found from T. acidophilum, 6) but AldT also acts on D-glucose. We think that the detection of aldohexose dehydrogenase was difficult probably because of the low activity or the low production under uninduced conditions, until the success of the genome project. Since AldT has reasonably high activity for D-mannose and D-xylose, this aldohexose dehydrogenase is most likely to function in the metabolism of these sugars in T. acidophilum. Further investigation, such as analysis of the data at the transcription and translation levels of the wild-type strain, will be necessary.
D-mannose is an important carbohydrate component of various glycoproteins. Mannose-including glycoproteins, such as fibrinogen, apolipoproteins, and immunoglobulins, occur abundantly in blood plasma. Furthermore, it is known that the concentration of blood Dmannose increases at the onset of diabetes. Several recent studies have focused on methods to determine the concentration of D-mannose in human serum and other body fluids. [15] [16] [17] [18] Most clinical assay methods utilize oxidoreductases, oxidases, and dehydrogenases, as key enzymes. AldT is applicable for the enzymatic determination of D-mannose since it has high dehydrogenase activity for D-mannose and is highly stable. For application, analysis of the enzymatic functions of AldT using protein engineering techniques is now in progress. (A) Effects of temperature. The enzyme activities at various temperatures were assayed. To examine thermal stability, 1.0 mg/ml-protein of the enzyme was incubated at various temperatures for 15 min and immediately cooled. The remaining activities were assayed at 37 C. Symbols: , activity; , thermal stability. (B) Effects of pH. For the pH test, 50 mM potassium phosphate buffer (pH 6.3-7.5), Tris-HCl buffer (pH 7.1-9.1), and glycine-NaOH buffer (pH 9.0-10.8) were used. The enzyme activities at various pHs were assayed. To examine pH stability, 1.0 mg/ ml-protein of the enzyme was incubated at 25 C for 16 h, and the remaining activities were assayed at pH 8.0. Symbols: , activity; , pH stability. The activities were measured at 37 C and pH 8.0. NAD was used as a coenzyme.
